Ionotropic neurotransmitter receptors mediate fast synaptic transmission by functioning as ligand-gated ion channels. Fast inhibitory transmission in the brain is mediated mostly by ionotropic GABA A receptors (GABA A Rs), but their essential components for synaptic localization remain unknown. Here, we identify putative auxiliary subunits of GABA A Rs, which we term GARLHs, consisting of LH4 and LH3 proteins. LH4 forms a stable tripartite complex with GABA A Rs and neuroligin-2 in the brain. Moreover, LH4 is required for the synaptic localization of GABA A Rs and inhibitory synaptic transmission in the hippocampus. Our findings propose GARLHs as the first identified auxiliary subunits for anion channels. These findings provide new insights into the regulation of inhibitory transmission and the molecular constituents of native anion channels in vivo.
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In Brief
Yamasaki et al. report GARLH family proteins as putative auxiliary subunits of GABA A Rs in vivo. GARLH forms a tripartite complex with GABA A Rs and neuroligin-2 and regulates the synaptic localization of GABA A Rs and inhibitory synaptic transmission.
INTRODUCTION
The major inhibitory transmitter in the brain is g-aminobutyric acid (GABA), and fast inhibitory transmission is mediated by GABA A receptors (GABA A Rs), pentameric anion channels consisting of a, b, and non-a/b subunits. GABA A Rs localized postsynaptically regulate membrane potentials to mediate signaling, and the mechanisms for the synaptic localization of GABA A Rs have been extensively studied. When g2, the non-a/b GABA A R subunit, is disrupted in primary cortical neurons, synaptic localization of the GABA A R a1 subunit is impaired (Alldred et al., 2005; Essrich et al., 1998) . Given that GABA A Rs likely require protein interactions for their synaptic localization, several proteins have been identified as interacting with GABA A R, including gephyrin and GABA A R-associated protein (Collingridge et al., 2004; Jacob et al., 2008; Kowalczyk et al., 2013; Maric et al., 2011; Mukherjee et al., 2011; Wang et al., 1999) . Among these interactors, gephyrin is the most characterized. Elimination of gephyrin by gene targeting or antisense resulted in a reduction in the clustering of some, but not all, GABA A R subunits (Essrich et al., 1998; Kneussel et al., 1999 Kneussel et al., , 2001 Lé vi et al., 2004) , and a modest 23% reduction in miniature inhibitory postsynaptic current (mIPSC) amplitude was observed in gephyrindeficient primary cultured neurons without changes in mIPSC frequency (Lé vi et al., 2004) . These findings indicate a gephyrin-independent mechanism for GABA A R-mediated transmission. In contrast, neuroligins (NLs) may play a more direct role in the synaptic activity or localization of GABA A Rs. In Caenorhabditis elegans, there is only one NL isoform and disruption of NL substantially reduced synaptic localization and activity of GABA A R (Maro et al., 2015; Tu et al., 2015) . Knocking out three NL isoforms (NL1/2/3) in mice caused a robust reduction in both inhibitory and excitatory transmission in various neurons (Varoqueaux et al., 2006; Zhang et al., 2015) . Even though it has been shown that the NL2 isoform preferentially localizes at inhibitory synapses (Chih et al., 2005; Graf et al., 2004; Varoqueaux et al., 2004) and interacts with collybistin and gephyrin (Poulopoulos et al., 2009; Soykan et al., 2014) , it remains unclear whether and how NLs and GABA A Rs associate at synapses.
One plausible mechanism for g2-dependent, gephyrinindependent GABA A R synaptic localization is through an as yet unidentified GABA A R auxiliary subunit. Although ionotropic neurotransmitter receptors were once thought to function independently in the brain, the recent discovery of auxiliary subunits for ionotropic glutamate receptors has changed the understanding of receptor regulation in excitatory transmission. In the brain and neurons, the auxiliary subunits TARP and CNIH determine the localization and properties of a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs) (Brockie et al., 2013; Chen et al., 2000; Herring et al., 2013; Jackson and Nicoll, 2011; Kato et al., 2010; Schwenk et al., 2009; Tomita et al., 2005; Yan and Tomita, 2012) , whereas Neto auxiliary subunits control the properties of kainate receptors (KARs) (Straub et al., 2011; Tang et al., 2011; Zhang et al., 2009 ). Disrupting auxiliary subunits impairs mouse behavior and survival (Hashimoto et al., 1999; Yan et al., 2013) . Therefore, it is clear that tetrameric ligand-gated cation channels, such as AMPARs and KARs, function with their auxiliary subunits in vivo. However, it remains unclear whether anion channels likewise have auxiliary subunits that form complexes with the pore-forming subunit of the receptor and that determine their function in the brain.
Here, we identified the GABA A R regulatory Lhfpl (GARLH) family proteins, currently consisting of lipoma HMGIC fusion partnerlike 3 and 4 (LH3 and LH4), as putative auxiliary subunits of GABA A Rs. GABA A Rs in the brain form a tripartite complex with transmembrane GARLH family proteins and NL2. The g2-containing GABA A Rs stabilize GARLH expression in the brain. Disrupting GARLH expression reduces the synaptic localization of the g2-containing GABA A Rs and GABA A R-mediated synaptic transmission. This identification of the first putative auxiliary subunit of a pentameric ligand-gated anion channel provides a molecular mechanism underlying the synaptic localization of GABA A Rs to control inhibitory transmission in the brain.
RESULTS

GABA A Rs Form a Tripartite Complex in the Brain
To examine whether native GABA A Rs form complexes with other proteins, we compared the molecular weights of native and reconstituted GABA A Rs using blue native polyacrylamide gel electrophoresis (BN-PAGE), a method that preserves protein complexes . We expressed GABA A Rs in Xenopus laevis oocytes by injecting them with cRNAs of three GABA A R subunits (a1, b2, and g2) ( Figure 1A ). Using sodium dodecyl sulfate (SDS)-PAGE, the molecular weight of each subunit was found to be approximately 50 kDa, whereas using BN-PAGE, the recombinant GABA A R solubilized with Triton X-100 formed a 520 kDa complex ( Figure 1A ), indicating that GABA A R subunits form a hetero-oligomer. The endogenous mouse cerebellar GABA A Rs containing a1, g2, or b2/3 subunits formed two distinct complexes, one at 720 kDa and the other at 500 kDa ( Figure 1A ). When the cerebellum was solubilized with maltose-neopentyl glycol (MNG), native GABA A Rs migrated mostly to 720 kDa, with a weak band observed at 480 kDa ( Figure 1A ). The modest differences observed in the migration of proteins from oocytes and cerebellar tissue using BN-PAGE were consistent with those in the molecular weights of the proteins determined using SDS-PAGE ( Figure 1A) . Similarly, a2-and a3-containing GABA A Rs migrated to 720 kDa in the mouse hippocampus and cerebral cortex, respectively (Figure S1A) . Interestingly, a6-containing GABA A Rs in the cerebellum migrated mainly to 500 kDa ( Figure 1A) . The difference in the molecular weights of native GABA A Rs at 720 kDa and recombinant GABA A Rs at 500 kDa suggests that the native GABA A R complex contains other protein components.
To identify these missing components, we immunopurified the GABA A R complex from rat cerebellum using an anti-GABA A R a1 antibody and conducted BN-PAGE ( Figure 1B) . A rabbit normal IgG and an anti-AMPAR GluA2/3 antibody did not immunoprecipitate the 720 kDa band ( Figure 1B ). The resulting band at 720 kDa was excised, and its components were analyzed using mass spectrometry. Besides GABA A R subunits (a1, b2, g2, and b3), we identified NL2 and lipoma HMGIC fusion partner-like 4 (LH4) above a6, which mainly formed a complex at 500 kDa (Table 1; Table S1 ). LH4 is a four membrane-spanning protein, and its function is currently unknown (Petit et al., 1999) . LH4 mRNA is strongly expressed in the hippocampus and cerebellum. In cerebellum, its homolog, LH3, shows complementary expression ( Figure 1C ). We generated an anti-LH4 antibody that selectively recognized LH4 among three other related proteins (Lhfpl2/3/5) and detected a band at the expected molecular weight of 22 kDa in the brain and primary hippocampal neurons, but not in neurons treated with LH4 small hairpin RNA (shRNA) lentivirus (Figures 1D-1F ; Figure S1B ). In addition, with a surface biotinylation assay using acute cerebellar slices, we found that LH4, as well as GluN1, was detected in the biotinylated cell surface fraction, whereas tubulin was detected in the intracellular fraction (non-biotinylated fraction) ( Figure S1C ). Both anti-LH4 and anti-NL2 antibodies recognized the cerebellar GABA A R complex purified using the anti-a1 antibody, and pre-incubation with an anti-b2/3 antibody increased the molecular weight, indicating that the complex also contained b2/3 subunits ( Figure 1G ). In addition, the a1 subunit from rat cerebellum co-immunoprecipitated LH4, NL2, and g2, but not with gephyrin and Neto2, whereas the GluA2/3 AMPARs did not co-immunoprecipitate LH4, NL2, and g2 ( Figure 1H ). These results indicate that the cerebellar GABA A R complex observed at 720 kDa contains NL2 and LH4 as well as the GABA A R subunits (a1, b2/3, and g2).
LH4-like GARLHs Bridge g2-Containing GABA A Rs and NL2 We next investigated the interactions of the GABA A R components using cRNA-injected oocytes. The co-expression of three GABA A R subunits (a1, b2, and g2) with LH4 and NL2 reconstituted the GABA A R complex at 720 kDa observed in the brain as determined using BN-PAGE with Triton X-100 solubilization ( Figure 2A , Lane 3). When either LH4 or NL2 were eliminated, the 720 kDa complex failed to form (Figure 2A , Lanes 4 and 2). When membranes from cRNA-injected oocytes were solubilized with MNG, the GABA A R a1 subunit was detected at 500 and 870 kDa ( Figure 2B ). Because the band detected at 870 kDa was observed in neither the cerebellar lysate nor the Triton X-100-solubilized membranes ( Figures 1A and 2A ), this band was considered an artifact of the heterologous overexpression system with MNG solubilization. Upon co-expression with LH4 (22 kDa) and LH4 tagged with GFP at its C terminus (49 kDa), the GABA A R band at 500 kDa shifted to 520 kDa and 550 kDa, respectively ( Figure 2B ; Figure S2A ). Furthermore, anti-GFP antibody recognized the GABA A R band with LH4-GFP at 550 kDa as well as the artificial band around 870 kDa ( Figure 2B ). These results indicate an interaction of GABA A Rs with LH4.
NL2 expressed in cRNA-injected oocytes was detected as two distinct broad bands at 800 kDa and 460 kDa ( Figure 2C ). Since NL2 is 100 kDa on SDS-PAGE, such large molecular weights on BN-PAGE suggest formation of NL2 oligomers as reported previously (Araç et al., 2007; Dean et al., 2003; Fabrichny et al., 2007; Koehnke et al., 2008) . NL2 co-expressed with LH4 and LH4-GFP was detected primarily as a single band at 330 and 360 kDa, respectively ( Figure 2C ; Figure S2B ), suggesting binding of LH4 or LH4-GFP to NL2 disrupts large NL2 oligomers. Because a shift to lower molecular weight upon binding is counterintuitive, we next examined interactions of NL2 with LH4 using a co-immunoprecipitation assay from cRNA-injected oocytes. NL2 co-immunoprecipitated LH4, but not TARPg-2, in cRNA-injected oocytes ( Figure S2C ). To determine which NL2 domains are responsible for the LH4 interaction, we generated various deletion construct of hemagglutinin (HA)-tagged NL2 (Figure S2D) . All deletion mutants, as well as LH4-GFP, were co-expressed in oocytes, although the NL2 full length (FL) and the extracellular domain deletion mutant (DN) expressed at lower levels ( Figure S2E , input). Since expression levels were variable, we used co-immunoprecipitation assay instead of BN-PAGE for evaluating their interaction. We found that NL2 FL, DN, and cytoplasmic domain deletion (DC), but not deletion of both transmembrane and cytoplasmic domains (DTM), were coimmunoprecipitated with LH4-GFP using an anti-GFP antibody ( Figure S2E ). These results indicate the TM domain of NL2 is required for its interaction with LH4.
In order to test which other LH4 homologs assemble with GABA A Rs and NL2, we evaluated Lhfpl 2, 3, and 5 (amino acid sequence identities to LH4, 26.1%, 78.5%, and 61.8%, respectively) based on phylogenetic analysis ( Figure 2D ). We tagged the C terminus of each LH isoform with a FLAG epitope and co-expressed these FLAG-tagged LH isoforms with NL2 and GABA A R subunits in oocytes using cRNA injections. Co-expression of a1 and b2 with FLAG-LH4 and NL2 failed to reconstitute the native (A) Recombinant GABA A R expressed in Xenopus laevis oocytes (Oo) by injection of cRNAs of a1, b2, and g2 GABA A R subunits migrated as a single band of 520 kDa using BN-PAGE when solubilized with Triton X-100 (Tx100). By contrast, the native GABA A R obtained from the cerebellum (Cb) migrated as two bands of 720 kDa and 500 kDa, respectively, with Tx100 solubilization. Using maltose-neopentyl glycol (MNG) solubilization, the native Cb GABA A R migrated as a strong band of 720 kDa and a weak band of 480 kDa. Immunoblots (IBs) with antibodies against a1, g2, and b2/3 subunits showed similar results, whereas the a6-containing Cb GABA A R migrates predominantly to 500 kDa and 480 kDa in Tx100 and MNG, respectively. (B) Immunopurified native GABA A R complexes obtained using an anti-a1 antibody from MNG-solubilized cerebella migrates to 720 kDa. A normal rabbit IgG and an anti-AMPA receptor GluA2/3 antibody were used as control.
(C) The distribution of Lhfpl (LH) 4 and 3 mRNAs in mouse brain according to the Allen Brain Atlas (http://www.brain-map.org/). Nissl staining shows anatomy of the mouse brain (Nissl). LH4 is strongly expressed in hippocampus and cerebellum, whereas LH3 is expressed in cerebellum.
(D) The antibody against LH4 recognized LH4 specifically, whereas the anti-HA antibody recognized all HA-tagged LH2/3/4/5 expressed in transfected HEK cells.
(E) The anti-LH4 antibody recognized a band in lysate prepared from primary hippocampal neurons, which is eliminated in neurons treated with LH4 shRNA. (F) Among various mouse tissues, the anti-LH4 antibody recognized a 22 kDa band only in the brain. Skeletal muscle, SM.
(G) Immunopurified a1-containing cerebellar GABA A Rs contain LH4 and neuroligin-2 (NL2). Pre-incubation of the immunopurified GABA A Rs with an anti-b2/3 antibody (Ab) increases the molecular weight.
(H) On SDS-PAGE, LH4, NL2, and g2 co-immunoprecipitated specifically with a1, but not with the AMPA receptor GluA2/3. Gephyrin (Geph) and Neto2 also failed to co-immunoprecipitate with a1.
GABA A R complex at 720 kDa, but the additional co-expression of extracellularly HA-tagged g2 succeeded ( Figure 2E ). Similar to FLAG-LH4, FLAG-LH3 formed a complex at 720 kDa with NL2 and the g2-containing GABA A Rs ( Figure 2E ). Despite expression levels of FLAG-LH2 and -LH5 higher than that of FLAG-LH4 in oocytes injected with the corresponding cRNAs on SDS-PAGE, FLAG-LH2 and -LH5 failed to form the 720 kDa complex ( Figure 2E ). The Lhfpl family genes were named based on their sequence similarity (Petit et al., 1999) ; however, our results show that the protein properties of LH3 and LH4 are distinct from those of the other LH genes. To reflect these distinct protein properties, we defined a family protein termed GABA A R regulatory Lhfpl (GARLH), comprised of LH3 and LH4 ( Figure 2D ). Overall, these results indicate that GARLHs form a complex with NL2 and g2-containing GABA A Rs.
GABA A R g2 Subunit Stabilizes the Expressions of LH4 and NL2 Proteins
Kainate-and AMPA-type glutamate receptors stabilize the protein expressions of Neto and CNIH auxiliary subunits, respectively (Kato et al., 2010; Zhang et al., 2009 ); therefore, we next asked whether GABA A Rs affect LH4 expression in the brain. Because the g2 subunit is required for formation of the tripartite complex NL2/LH4/GABA A R ( Figure 2E ), and because most conventional g2 knockout (KO) mice show postnatal lethality (G€ unther et al., 1995) , we used cerebellar granule cell (GC)-specific g2 KO mice generated by crossing the Gabra6 promoter Cre recombinase transgenic mice with conditional g2 KO mice (F€ unfschilling and Reichardt, 2002; Schweizer et al., 2003) . In cerebella from the g2 GC-KO mice, g2 was reduced as expected; the residual g2 likely originates from cerebellar Purkinje cells, in which g2 expression was not disrupted. Moreover, the total amounts of both LH4 and NL2 were reduced ( Figure 3A ). Cerebellar granule cells form GABAergic synapses with axons from cerebellar Golgi cells on cerebellar glomeruli. To further examine whether LH4 and NL2 are reduced at postsynapses in the g2 KO mice, we purified the mouse glomeruli-enriched fraction and then isolated the Triton X-100-soluble extrasynaptic and insoluble postsynaptic fractions as described previously Wu and Siekevitz, 1988) . We found that LH4 and NL2 co-fractionated with g2, a1, and b2/3 in glomeruli-enriched postsynaptic fractions in wild-type (WT) mice ( Figure 3B ). Furthermore, in the g2 GC-KO mice, LH4 and g2 expression levels in the postsynaptic fraction were reduced to a similar extent as the total glomeruli proteins, and NL2 and a1 expression was significantly, but modestly, reduced ( Figure 3C ). Taken together, these results suggest that g2-containing GABA A Rs stabilize LH4 protein expression in the cerebellum.
LH4 Does Not Modulate Surface Expression or Agonist/ Antagonist Sensitivity of GABA A Rs
Auxiliary subunits modulate trafficking and/or properties of receptors (Boulin et al., 2012; Yan and Tomita, 2012) . Thus, we investigated the potential modulation of surface expression or properties of GABA A Rs by LH4/NL2 using cRNA-injected oocytes. We expressed a1, b2, and extracellularly HA-tagged g2 (HA-g2) with or without LH4 and NL2 in oocytes by corresponding cRNA injections. In this condition, these proteins form the 720 kDa complex ( Figure 2E ). We then measured GABA-evoked currents using two-electrode voltage-clamp recording and surface expression of HA-g2 using a chemiluminescence assay with cell non-permeable labeling of the extracellular HA epitope Zerangue et al., 1999) . In these assays, GABA-evoked currents and surface expression of HA-g2 were not altered by co-expressions of LH4 and NL2 ( Figure 4A ). To further examine whether LH4 modulates the pharmacology of GABA A Rs, we measured dose response of the full agonist GABA, the partial agonist THIP, and the antagonist picrotoxin (PTX) for a1/b2/HA-g2-containing GABA A Rs with or without LH4 and/or NL2. We did not see any obvious changes in dose response and estimated EC 50 /IC 50 and Hill coefficient of GABA, THIP, and picrotoxin (Figures 4B-4D ; Table S2 ).
LH4 Regulates Synaptic Clustering of g2-Containing GABA A Rs in Primary Neurons
We next examined the role of LH4 associated with GABA A Rs by reducing LH4 expression using shRNA. To avoid potential confounding redundancy by LH3 ( Figures 2D and 2E ), we focused on the hippocampus, which expresses a low level of LH3 (Figure 1C) . Similar to the results observed using the cerebellum (Figure 1 ), both the g2 and a1 subunits formed two distinct complexes at 480 kDa and 720 kDa in primary hippocampal neurons treated with lentivirus containing GFP alone (Mock, Figure 5A ). In neurons treated with lentivirus containing LH4 shRNA, LH4 was undetectable ( Figure 1E ), the 720 kDa complex was absent, and the intensity of the 480 kDa band was increased ( Figure 5A ). shRNA may have off-target effects. To confirm that loss of the 720 kDa complex in LH4 shRNA-treated neurons was due to loss of LH4, we expressed a C-terminal GFP-tagged LH4 mutant carrying silent mutations in the shRNA target sequence (LH4mut-GFP) in LH4 shRNA-treated neurons. Overexpression of LH4mut-GFP rescued the native GABA A R complex at 740 kDa; this molecular weight was slightly higher than that for the native 720 kDa GABA A R complex due to the addition of GFP ( Figure 5A ). Moreover, in neurons treated with LH4mut-GFP, the ratio of the 720 to 480 kDa complex was increased The components of the 720 kDa complex were identified using mass spectrometry. Proteins are arranged according to the values of the exclusive spectrum count (Spec.)/exclusive unique peptide count (Pep.). This ratio reflects the relative molar ratio of each peptide. The top seven proteins are listed because the seventh protein, the GABA A R a6 subunit, is a major component of the 500 kDa, but not 720 kDa, GABA A R complex. Detailed peptide information is provided in the Table S1 .
( Figure 5A ), consistent with overexpression of LH4mut-GFP and suggesting that LH4 limits the complex formation in primary cultured neurons. Total protein expression levels of a1 and g2 as determined using SDS-PAGE were not altered ( Figure 5A ). We next examined the role of LH4 on the synaptic localization of g2-containing GABA A Rs. The g2 subunit was co-localized with inhibitory presynaptic GAD65 in neurons treated with lentivirus containing only GFP (Mock, Figure 5B ). The number of g2-immunoreactive puncta was markedly reduced in LH4 shRNA-treated neurons (Figures 5B and 5C ; Figure S3A ) without changes in the size or signal intensity of the remaining puncta ( Figure 5C ). g2 puncta were restored by overexpression of LH4mut-GFP (Figures 5B and 5C) , confirming that loss of g2 puncta was due specifically to loss of LH4. Moreover, GAD65 and the g2 subunit partially co-localized with overexpressed LH4mut-GFP that was diffused along the dendrites, where it could be associated with extrasynaptic g2-containing receptors, alone or associated with other uncharacterized partners ( Figure S3B ).
The localization of NL2 and gephyrin was also examined in primary hippocampal neurons with different levels of LH4. We observed a drastic reduction in the number of immunoreactive puncta of gephyrin as well as g2 in LH4 shRNA-treated neurons ( Figures 6A and 6B ). The number of gephyrin-immunoreactive puncta was restored by overexpressing LH4mut-GFP into LH4 shRNA-treated neurons ( Figure 6B ), indicating that the loss of the gephyrin puncta number was due to a specific loss of LH4. However, the size and signal intensity of gephyrin puncta restored by LH4mut-GFP were partially rescued ( Figure 6B ). On the other hand, the reduction in the number of NL2-immunoreactive puncta was significant, but modest ( Figures 6C and 6D) . Similarly, the size and the intensity of NL2 puncta were reduced modestly, and were restored by expressing LH4mut-GFP (Figure 6D) . Thus, a substantial amount of NL2 can localize to synapses without LH4, g2-containing GABA A Rs or gephyrin. Notably, excitatory postsynaptic PSD-95 was not obviously altered by changes in LH4 expression (Figures 6E and 6F) . (A) Recombinant GABA A Rs, consisting of a1, b2, and g2 subunits in cRNA-injected oocytes, migrated to 520 kDa using BN-PAGE with Triton X-100 (Tx100) solubilization. Co-expression of recombinant GABA A Rs with Lhfpl4 (LH4) and neuroligin-2 (NL2) increased the molecular weight to 720 kDa, similar to that for cerebellar GABA A Rs, whereas co-expression of recombinant GABA A Rs with LH4 alone or NL2/TARPg-2 failed to similarly increase the molecular weight.
(B) Co-expression of LH4 (22 kDa) and LH4 tagged with GFP (LH4-GFP, 49 kDa) shifted recombinant GABA A Rs at 500 kDa (arrow) to 520 kDa (arrow) and 550 kDa (arrowhead), respectively, in cRNAinjected oocytes solubilized with maltose-neopentyl glycol (MNG). Notably, oocyte membranes solubilized with MNG show a background band (asterisk) and an artificial band of oligomeric GABA A Rs with LH4 (#).
(C) NL2 expressed in oocytes migrates as two bands, a strong band at 800 kDa and weak bands at 460-520 kDa representing various NL2 oligomers. The co-expression of NL2 with LH4 induced the collapse of the NL2 oligomers and emergence of a strong band at 330 kDa, which was shifted up with LH4-GFP co-expression. Asterisk shows non-specific signal.
(D) Phylogenetic tree of LH4 homologous proteins. LH4 and LH3 proteins are classified here as GABA A R regulatory Lhfpl (GARLH) family proteins.
(E) In the cRNA-injected oocyte system, recombinant GABA A Rs consisting of a1, b2, and extracellularly HA-tagged g2 with NL2 and FLAG-tagged LH4 reconstituted to 720 kDa, as do native GABA A Rs, whereas GABA A Rs containing a1 and b2 without HA-g2 failed to reconstitute to this molecular weight. Similarly, FLAG-LH3, but not LH2 and LH5, reconstitute cerebellar GABA A Rs of 720 kDa.
We next examined GABA A R-mediated synaptic transmission in primary hippocampal neurons with various expression levels of LH4 using lentiviruses ( Figure 5A ) and measured miniature synaptic events ( Figure 7A ). Synaptic events were measured under whole-cell voltage-clamp configurations (Vh = À70 mV), and mIPSCs were isolated by adding 20 mM CNQX and 100 mM D-APV with 1 mM tetrodotoxin (TTX) ( Figure 7A ). All mIPSCs were eliminated by further addition of 100 mM PTX ( Figure 7A ). The frequency of mIPSCs was markedly reduced in LH4 shRNA-treated neurons and was partially restored by overexpressing LH4mut-GFP into these LH4 shRNA-treated neurons ( Figures 7A and 7B) . No changes in the decay kinetics of the mIPSCs were observed ( Figure 7C ). The frequency and amplitude of miniature excitatory postsynaptic currents (mEPSCs) isolated by adding 100 mM PTX and 1 mM TTX were not altered in neurons treated with LH4 shRNA (Figures 7A and 7D) . Unexpectedly, overexpression of LH4mut-GFP in LH4 shRNA-treated neurons increased the mEPSC frequency ( Figure 7D ). While the reason for this increase is unclear, it is possible that overexpressed LH4mut-GFP induces changes in NLs or other molecules that increase mEPSCs (Chih et al., 2005; Graf et al., 2004) . The decay kinetics of the mEPSCs was unaltered in neurons at various LH4 expression levels ( Figure 7E ). Since the reduction in the mIPSCs upon LH4 knockdown could be due to changes in surface expression or synaptic stabilization of GABA A Rs, we measured 100 mM GABA-evoked currents in primary cultured neurons treated with shRNA lentivirus and 1 mM tetrodotoxin. No significant differences were observed in GABA-evoked currents in neurons at different LH4 expression levels ( Figure 7F ). From these, we conclude that the main function of endogenous LH4 is to localize GABA A Rs to synapses without affecting the GABA A R surface expression.
LH4 Regulates GABA A R-Mediated Synaptic Transmission In Vivo
To examine whether LH4 is required for GABA A R transmission and clustering in adult hippocampus, we used stereotaxic injections of adeno-associated virus (AAV) carrying Cre recombinase and single guide RNA (sgRNA) against LH4 into Cre-dependent Cas9 knockin mice as described previously . AAVs carrying Cre recombinase and sgRNAs (control, sgLH4-1, and sgLH4-2) into Cre-dependent Cas9 knockin mice at 3-4 weeks. 3 to 9 weeks after AAV injections, we prepared acute hippocampal slices and measured under whole-cell voltageclamp configurations (Vh = 0 mV) electrically evoked IPSCs (eIPSCs), mIPSCs, and surface GABA A R activity upon GABA bath application in CA1 pyramidal cells with GFP signal that indicates expressions of both sgRNA and Cas9 . In this condition, a 90% reduction in LH4 expression was observed in hippocampi expressing two distinct sgRNAs against LH4 (sgLH4-1 and sgLH4-2) ( Figure S4A ). To examine eIPSCs, we placed a stimulating pipette in the middle of the stratum pyramidale 150 mm away from the recorded cell (Jurgensen and Castillo, 2015) . IPSCs were elicited upon stimulation, and the eIPSC amplitude was saturated at 24 mA in CA1 neurons expressing sgLH4-1 ( Figure 8A) . We stimulated at the saturated A B C Figure 3 . The GABA A R g2 Subunit Modulates Expression of Lhfpl4 and Neuroligin-2 In Vivo (A) Protein levels in the total cerebella from wild-type (WT) and granule cell (GC)-specific g2 knockout (KO) mice. The amounts of LH4, g2, and NL2 proteins were significantly reduced in the g2 GC-KOs without changes in gephyrin (Geph) and PSD-95. Bar graph shows relative expressions to WT mice. (B) Biochemical fractionation of mouse cerebella shows co-segregation of Lhfpl4 (LH4) with GABA A R subunits (a1, g2, and b2/3) and neuroligin-2 (NL2). The cerebellar homogenate (Total) was fractionated into the cerebellar glomerulus-enriched fraction (Glomeruli, Total) and then separated into the Triton X-100-soluble fraction (Tx100) and the Triton X-100-insoluble postsynaptic (PS) fraction. Synaptophysin (Sph) was used as a presynaptic marker. Gephyrin (Geph) and PSD-95 were used as inhibitory and excitatory postsynaptic markers, respectively. (C) Protein levels in the PS fraction of cerebella from WT and GC-g2 KO mice. The amounts of LH4, g2, a1, and NL2 proteins were significantly reduced in the GCg2 KOs without changes in Geph and PSD-95. Data are mean ± SEM; n = 4 animals; Mann-Whitney U test; *p < 0.05.
level (26 mA) for comparison of eIPSCs and found that eIPSC amplitudes were reduced 40% and 60% in CA1 neurons expressing sgLH4-1 and sgLH4-2, respectively, compared to those expressing control sgRNA ( Figure 8B ). The decay kinetics of eIPSCs (Figure 8C ) and the paired-pulse ratio with 50 ms inter-stimulus intervals ( Figure 8D ) were no different. The mIPSCs were measured with 1 mM TTX and showed a 90% reduction in mIPSC frequency without changes in amplitudes ( Figures 8E and 8F) . Furthermore, bath application of 1 mM GABA showed no difference in GABA-evoked currents from neurons expressing each sgRNA compared to controls ( Figure 8G ). These results are consistent with the results using LH4 shRNA-treated neurons (Figure 7) . A robust reduction in mIPSC frequency without changes in mIPSC amplitude and a partial reduction in eIPSC amplitude were also observed in the NL1/2/3 triple knockout mice (Varoqueaux et al., 2006) , supporting that LH4 functions with NLs in vivo. We next examined GABA A R clustering in adult hippocampus and found that both sgLH4s strongly reduced the number, and (A) Oocytes were injected with cRNAs encoding a1, b2, and extracellularly HA-tagged g2 with or without Lhfpl4 (LH4) and neuroligin-2 (NL2). GABA (10 mM)-evoked currents and surface expression of HA-g2 were measured by two-electrode voltage-clamp (TEVC) recording and chemiluminescence assay, respectively. Co-expression of LH4 and NL2 does not modulate surface expression (green bars) or GABA-evoked currents (black bars) of a1/b2/HA-g2 containing GABA A Rs (n = 5 oocytes).
(B-D) The cRNAs of a1, b2, and HA-g2 with combinations of LH4 and NL2 were injected into oocytes, and dose responses were measured with TEVC. Co-expression of LH4 and NL2 does not alter GABA A R sensitivity to the agonists, GABA (B) and 4,5,6,7-tetrahydroisoxazole(5,4-c)pyridin-3-ol (THIP) (C), or an antagonist, picrotoxin (PTX) (D), with 10 mM GABA. Data are mean ± SEM (n = 5-6 oocytes).
slightly reduced size and intensity, of g2-immunoreactive puncta in the hippocampus 2-5 months after the AAV injection (Figures 8H and 8I ; area quantified is shown in low magnification images in Figure S4B , box). No obvious changes in the signal of NMDA receptor GluN1 subunit ( Figures 8H and 8J ), GAD65 ( Figures S4C and S4D) , and PSD-95 ( Figures S4E and  S4F ) were detected. These results strongly suggest that LH4 is required for the synaptic clustering of GABA A Rs in vivo. Thus, LH4 regulates the synaptic activity and clustering of GABA A Rs, but not GABA A R activity, at the neuronal surface. These results indicate that LH4 controls synaptic stabilization of GABA A Rs.
DISCUSSION
This study identified the first example of putative auxiliary subunits for pentameric ligand-gated anion channels. We found that the LH4-like GARLH family proteins are putative auxiliary GABA A R subunits that control GABA A R synaptic localization and GABA-mediated synaptic transmission by anchoring the GABA A R to synaptically localized NL2.
GARLH Is a Putative GABA A R Auxiliary Subunit
Auxiliary subunits are non-pore-forming subunits that directly and stably interact with a pore-forming subunit, modulate (LH4) shRNA lentivirus reduces the molecular weight of the native GABA A R complex from 720 kDa to 480 kDa, as determined using BN-PAGE. Expressing a GFP-tagged LH4 mutant resistant to LH4 shRNA restores the GABA A R complex to 740 kDa. The amounts of g2 and a1 subunit proteins are not altered, as determined using SDS-PAGE (n = 3 samples from three independent cultures).
(B) GABA A R g2 subunits co-localize with GAD-65 in primary hippocampal neurons infected with a GFP lentivirus. The g2 subunit signal was decreased in neurons infected with an LH4 shRNA lentivirus and restored by reintroducing LH4mut-GFP in LH4 shRNA-treated neurons. GFP signals indicate infected neurons, and under these conditions, almost all neurons showed GFP signals.
(C) Quantification of g2 subunit immunolabelling shows a significant reduction in the cluster number/10 mm dendrite, but not size or intensity, of g2 clusters in LH4 shRNA-treated neurons. Sample numbers (dendritic segments/clusters) for each condition (Mock, LH4 shRNA, and LH4 shRNA/LH4mut-GFP) are as follows; n = 24/168, 22/11, and 8/71, respectively, from two independent cultures. Dendritic areas were chosen randomly for analysis of cluster numbers, and all detected clusters were subsequently analyzed for sizes and signal intensities. Data are mean ± SEM; Kruskal-Wallis test followed by Dunn's post-test; ***p < 0.001. Primary hippocampal neurons at various Lhfpl4 (LH4) expression levels were stained for inhibitory postsynaptic proteins gephyrin (Geph) and neuroligin-2 (NL2).
(A) Gephyrin co-localizes with the GABA A R g2 subunit in primary hippocampal neurons infected with a control GFP lentivirus (Mock). Gephyrin as well as g2 were reduced in neurons infected with an LH4 shRNA lentivirus and were restored by overexpressing LH4mut-GFP in LH4 shRNA-treated neurons.
(B) The number of gephyrin clusters per 10 mm dendrite was robustly reduced in neurons treated with LH4 shRNA and restored in neurons treated with LH4 shRNA with LH4mut-GFP expression. The substantial reduction in gephyrin puncta in LH4 shRNA-treated neurons precluded the precise evaluation of the size and signal intensity of gephyrin (N.D.). The size and signal intensity of gephyrin puncta were not fully restored by overexpression of LH4mut-GFP in LH4 shRNA-treated neurons. Sample numbers (dendritic segments/clusters) for each condition (Mock, LH4 shRNA, and LH4 shRNA/LH4mut-GFP) are as follows; n = 17/148, 18/13, and 16/158, respectively, from two independent cultures. Dendritic areas were chosen randomly for analysis of cluster numbers, and all detected clusters were subsequently analyzed for sizes and signal intensities.
(legend continued on next page) receptor trafficking and/or function, and are necessary for endogenous receptor function in vivo (Yan and Tomita, 2012) . We found that most of the g2 subunit-containing GABA A Rs form a stable complex with LH4 in the cerebellum and hippocampus, that LH4 is not necessary for pore formation because GABA-evoked currents were detected without LH4 in cRNA-injected oocytes ( Figure 4A ), that LH4 interacts with pore-forming subunits of GABA A Rs, and that LH4 is necessary for the synaptic localization of GABA A Rs in vivo. Therefore, LH4 could be called an auxiliary subunit of g2-containing GABA A Rs. GABA A Rs also form a complex with LH3. Because LH3 and LH4 display properties distinct from the other four Lhfp-like homologs, we categorized LH3 and LH4 as GABA A R regulatory Lhfpl family proteins (GARLHs). Auxiliary subunits often modulate channel properties of ion channels. For example, TARP AMPAR auxiliary subunits and Neto KAR auxiliary subunit modulate receptor sensitivity to agonists, antagonists, or potentiators (Jackson and Nicoll, 2011; Yan and Tomita, 2012) . However, we did not observe obvious difference in the sensitivity to GABA, THIP, and PTX of GABA A Rs by LH4 co-expression in Xenopus laevis oocytes (Figure 4 ; Table S2 ). This may suggest that GARLHs interact with GABA A Rs outside of the channel ligand-binding domains or gating domain, although some types of modulation of GABA A R channel properties by GARLHs cannot be ruled out. Modulation of channel properties/functions is one of the criteria for auxiliary subunits of ionotropic glutamate receptors (Jackson and Nicoll, 2011; Yan and Tomita, 2012) . Here the term ''functions'' could indicate not only ion channel activity, but also biological functions including their synaptic localization. GARLH is tentatively called as a putative auxiliary subunit of GABA A Rs here, and could be called as an auxiliay subunit upon characterization of GARLH modulation of GABA A R channel properties or clarification of definition of auxiliary subunits.
Auxiliary subunits have been identified for tetrameric ligandgated cation channels (Jackson and Nicoll, 2011; Yan and Tomita, 2012) . Here, GARLH could be the first example of auxiliary subunits for pentameric ligand-gated anion channels. This finding supports the proposition that other types of vertebrate pentameric ligand-gated channels, such as the native glycine receptor, serotonin receptor, and nicotinic acetylcholine receptor, may contain auxiliary subunits still unidentified in native environments. The levamisole-sensitive acetylcholine receptor in C. elegans functions with single-pass transmembrane proteins LEV-10 and MOLO-1 and the secreted protein LEV-9 (Boulin et al., 2012; Gally et al., 2004; Gendrel et al., 2009) , though their mammalian functional homologs have not been identified yet.
On the other hand, Neto functions as an auxiliary subunit of the KAR to determine its channel properties in the brain , and Neto shares the highest homology with the C. elegans SOL-2, which is indeed an auxiliary subunit for the C. elegans ionotropic glutamate receptor (Wang et al., 2012) . Interestingly, GARLHs share similarity with the C. elegans F26D10.11 protein, which may function as a GABA A R auxiliary subunit in C. elegans. Functional preservation of molecular machinery for synaptic transmission during evolution may support similar fundamental mechanisms of synaptic transmission among various species.
The Cell Biology of Inhibitory Synapses
We demonstrated that a GARLH isoform, LH4, interacts specifically with g2-containing GABA A Rs and NL2 and determines the synaptic localization and activity of GABA A Rs. Prior work showed that total protein expression levels of cerebellar GABA A Rs were unchanged in NL KO mice (Zhang et al., 2015) . Similarly, here we found no detectable changes in total GABA A R protein levels or activity at the neuronal surface in LH4 shRNA-treated neurons and in adult hippocampus disrupting LH4 expressions, despite a loss of synaptic GABA A R clusters. These results suggest that GABA A Rs diffuse laterally at the neuronal surface and are stabilized at inhibitory synapses by NL2 and LH4.
Our findings open a number of unexpected questions, the answers to which will provide insight in the cell biology of inhibitory synapses. For example, it remains unclear whether specific GARLH-NL pairs interact preferentially, potentially defining a code to tune synaptic function. Moreover, we found that cell surface GABA A R activity does not depend on LH4, indicating that LH4 does not play a critical role in the intracellular trafficking of GABA A Rs. Nonetheless, detailed studies defining the subcellular compartment in which GARLHs and NLs first interact with GABA A Rs will reveal crucial information about synaptic development. Furthermore, GABA A Rs are comprised from a pool of 19 subunits, and the rules governing the combinatorial assembly of these subunits into pentamers with distinct functions have been extensively studied (Fritschy et al., 2012; Olsen and Sieghart, 2008; Sigel and Steinmann, 2012) . These rules will need to be updated to account for assembly with GARLHs and NLs.
Our study renews focus on NL2 as an upstream factor in determining inhibitory synapse identity and function and opens many new questions regarding the NL2 function. NL2 overexpressed in neurons localizes preferentially at inhibitory synapses (Chih et al., 2005; Graf et al., 2004) , supporting the suggestion that at least NL2 and perhaps other NLs have a signal for localizing at (C) NL2 co-localizes with GAD-65 in primary hippocampal neurons infected with a GFP alone lentivirus (Mock). The NL2 signal was reduced in LH4 shRNA-treated neurons and restored by overexpressing LH4mut-GFP in LH4 shRNA-treated neurons.
(D) The cluster number and signal intensity of NL2 were modestly, but significantly, reduced in LH4 shRNA-treated neurons and restored by overexpressing LH4mut-GFP. Sample numbers (dendritic segments/clusters) for each condition (Mock, LH4 shRNA, and LH4 shRNA/LH4mut-GFP) are as follows; n = 15/130, 18/71, and 16/168, respectively, from two independent cultures. (E and F) PSD-95 shows a punctate pattern in primary hippocampal neurons infected with lentivirus carrying GFP alone (Mock), LH4 shRNA, or an LH4 mutant resistant to LH4 shRNA (LH4mut-GFP). No significant difference was observed in the cluster number/10 mm dendrite, size, and signal intensity of PSD-95. Sample numbers (dendritic segments/clusters) for each condition (Mock, LH4 shRNA, and LH4 shRNA/LH4mut-GFP) are as follows; n = 36/373, 36/339, and 37/327, respectively, in two independent cultures. Dendritic areas were chosen randomly for analysis of cluster numbers, and all detected clusters were subsequently analyzed for sizes and signal intensities. Data are mean ± SEM; Kruskal-Wallis test followed by Dunn's post-test; *p < 0.05; **p < 0.01; ***p < 0.001. inhibitory synapses, presumably through an interaction with neurexin in vertebrates (Ichtchenko et al., 1995; Missler et al., 2003) . Although neurexin was previously reported to interact directly with the GABA A Rs (Zhang et al., 2010) , we did not detect neurexin in the native NL2-LH4-GABA A R complex. In Caenorhabditis elegans, MADD4 interacts with NL to recruit GABA A Rs at synapses (Maro et al., 2015; Tu et al., 2015) . Further identification of NL interactors and reconstitution of native NL-containing complexes at synapses may ultimately provide a unifying model relating synapse development, synaptic adhesion, and neurotransmitter receptor localization. During revision of this manuscript, 174 proteins, including LH4, were reported in immunoprecipitants of GFP-tagged a2-containing GABA A R complexes (Nakamura et al., 2016) . Among these proteins, seven proteins (Cul1, Ephexin, KCTD12, Mfn2, mGluR5, and PAK5/7) were confirmed as potential direct interactors using a glutathione S-transferase (GST) pulldown experiment. It would be interesting to precisely map the direct physical protein interactions.
Inhibitory presynaptic GAD65 is not changed in LH4 CRISPRed hippocampus even months after AAV injections ( Figure S4C ), (A-E) Miniature synaptic events were measured using whole-cell voltage-clamp (Vh = À70 mV) recordings in primary cultured hippocampal neurons treated with GFP lentivirus (Mock), LH4 shRNA lentivirus, and lentivirus carrying LH4 shRNA and a GFP-tagged LH4 mutant resistant to LH4 shRNA (LH4mut-GFP). Miniature inhibitory postsynaptic currents (mIPSCs) were isolated by application of TTX (1 mM), CNQX (20 mM), and APV (100 mM), and all events were blocked by further application of picrotoxin (PTX; 100 mM). Scale bar, 20 pA/1 s. Miniature excitatory postsynaptic currents (mEPSCs) were measured by application of TTX (1 mM) and PTX (100 mM). Scale bar, 20 pA/0.5 s (A). Quantitation of frequency and amplitude of mIPSCs (n = 11-14 from three independent cultures) (B). Representative traces of mIPSC decay normalized at the peak and quantitation of the mIPSC weighted decay tau estimated by fitting the decay to a biexponential function. Scale bar, 50 ms (C). Quantitation of frequency and amplitude of mEPSCs (n = 8-9 neurons from three independent cultures) (D). Representative traces of mEPSC decay normalized at the peak and quantitation of the mEPSC weighted decay tau estimated by fitting the decay to a biexponential function. Scale bar, 20 ms (E). (F) Representative traces and quantitation of peak amplitudes of the GABA-evoked currents upon 5 s applications of 100 mM GABA on primary cultured hippocampal neurons with 1 mM TTX (n = 4 neurons each from two independent cultures). Scale bar, 250 pA/2 s. Data are mean ± SEM; Kruskal-Wallis test followed by Dunn's post-test; *p < 0.05, **p < 0.01. suggesting that presynaptic GAD65 clustering is independent from LH4 clustering, although LH4 deletion in the CRISPRed hippocampus was incomplete ( Figure S4A) . Surprisingly, we observe a loss of synaptic cluster number of postsynaptic gephyrin, as well as GABA A R g2 subunit, in LH4 knockdown neurons (Figure 6 ), suggesting that a molecular signal downstream of GARLH promotes gephyrin clustering. However, the size and signal intensity of gephyrin puncta were partially rescued by LH4-GFP overexpression ( Figures 6A and 6B ). These results suggest that gephyrin molecule number/synapse is reduced in LH4-GFP overexpressed neurons. Considering that gephyrin is proposed to form a hexagonal lattice (Kneussel and Betz, 2000) , our results may suggest that gephyrin lattice formation might be reduced at synapses in LH4mut-GFP overexpressed neurons. Gephyrin is reported to bind to NLs (Poulopoulos et al., 2009 ), and we showed that LH4 modulates oligomeric states of NL2 ( Figure 2C ). Thus, altered oligomeric states of NLs by an excess amount of LH4mut-GFP may modulate machinery that controls gephyrin lattice formation at synapses. LH4mut-GFP overexpression also rescued the mIPSC frequency partially. Because NLs are reported to modulate the expression of presynaptic proteins (Varoqueaux et al., 2006) , the change in oligomeric states of NLs may also indirectly modulate presynaptic functions. In summary, our results suggest that formation of inhibitory synapses might occur through GARLH-dependent recruitment of GABA A Rs, followed by recruitment of gephyrin via direct interactions with GABA A R a and/or b subunits proposed previously (Kowalczyk et al., 2013; Maric et al., 2011; Mukherjee et al., 2011) . Perhaps, the NL/GARLH/GABA A R complex initially localizes to inhibitory synapses and recruits gephyrin, followed by formation of a gephyrin lattice with additional GABA A Rs. Precise mechanisms should be tested in vivo.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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The authors thank Dr. Satinder Singh for providing her valuable input and the members of the Tomita lab for discussions. We thank Dr. Louis Reichardt for Synaptic properties and GABA A R localization were measured in hippocampi from Cas9 knockin mice injected with an AAV virus carrying Cre recombinase and two independent sgRNAs for LH4 (sgLH4-1 and sgLH4-2). (A) Representative traces and quantitation of peak amplitudes of evoked IPSCs with various stimulus intensities in CA1 hippocampal neurons showing saturation of the eIPSC amplitude beyond 24 mA stimulus intensity (n = 10 neurons from four mice injected with sgLH4-1). Scale bar, 10 pA/100 ms. (B-D) Representative traces and quantitation of peak amplitude (B), weighted decay tau with traces normalized at the peak (C), and the paired-pulse ratio with 50 ms inter-stimulus interval with traces normalized at the peak (D) of IPSCs evoked at 26 mA stimulus intensity from mice injected with each AAV (n = 7 neurons from four animals for control, n = 12 neurons from five animals for sgLH4-1, n = 13 neurons from five animals for sgLH4-2). The amplitude of evoked IPSCs was significantly reduced in neurons expressing sgLH4s compared to control, whereas the decay kinetics and paired-pulse ratio were not. Scale bars, 25 pA/50 ms (B), 50 ms (C), and 50 ms (D). (E) Representative traces of miniature IPSCs measured before and after picrotoxin (PTX) (100 mM) application. Scale bar, 20 pA/1.2 s. (F) Quantitation of frequency and amplitude of mIPSCs from mice injected with each AAV (n = 5 neurons from three animals for control, n = 5 neurons from three animals for sgLH4-1, n = 6 neurons from four animals for sgLH4-2). The frequency, but not the amplitude, of the mIPSCs was significantly reduced in neurons expressing sgLH4s compared to control. (G) Representative traces and quantitation of the 1 mM GABA-evoked currents. Scale bar, 50 pA/1 min. No significant differences were found in the amplitude of the GABA-evoked currents (n = 4 neurons from four animals for control, n = 6 neurons from three animals for sgLH4-1, n = 7 neurons from four animals for sgLH4-2). (H) Punctate localization of g2 is reduced in hippocampi expressing sgRNAs for LH4. By contrast, GluN1 is not altered. (I) Numbers of g2-immunolabelled cluster per 100 mm 2 are strongly reduced in dendritic area of dentate gyrus from animals carrying sgLH4-1 and sgLH4-2, while slight reductions are observed in g2-cluster sizes and signal intensities (n = 12 areas from three animals).
(J) The cluster number, size, and signal intensity of GluN1 were unaltered. Data are mean ± SEM; Kruskal-Wallis test followed by Dunn's post-test; *p < 0.05; **p < 0.01; ***p < 0.001. from the recorded cell. After recording evoked IPSCs, mIPSCs were recorded for 3 min with 1 mM TTX before the subsequent addition of 1 mM GABA and 1 mM TTX to the perfusion system in order to elicit GABA-evoked currents from the same cells. Signals were sampled at 25 kHz, and downsampled at 2.5 kHz.
Surface Cell Biotinylation of Cerebellar Slices Cerebellar slices were prepared from 6-8 week mice as described (Yan et al., 2013) . Surface expression of LH4 and GluN1 was quantitated as described . Briefly, acute cerebellar slices were labeled for 30 min at 4 C with 1.5 mg/ml sulfo-NHS-SS biotin (Thermo Fisher Scientific). Membranes were prepared and the biotinylated proteins were precipitated with Neutravidinagarose (Thermo Fisher Scientific) and detected by western blotting.
QUANTIFICATION AND STATISTICAL ANALYSIS
Quantification and statistical details of experiments can be found in the figure legends or Method Details section. All data are given as mean ± s.e.m. Statistical significance between means was calculated using Mann-Whitney U-test or Kruskal-Wallis test followed by Dunn's post-test; *p < 0.05; **p < 0.01; *** p < 0.001.
